Increasing evidence indicates that individual synaptic vesicle proteins may use different signals, endocytic adaptors, and trafficking pathways for sorting to distinct pools of synaptic vesicles. Here, we report the identification of a unique amino acid motif in the vesicular GABA transporter (VGAT) that controls its synaptic localization and activity-dependent recycling. Mutational analysis of this atypical dileucine-like motif in rat VGAT indicates that the transporter recycles by interacting with the clathrin adaptor protein AP-2. However, mutation of a single acidic residue upstream of the dileucine-like motif leads to a shift to an AP-3-dependent trafficking pathway that preferentially targets the transporter to the readily releasable and recycling pool of vesicles. Real-time imaging with a VGAT-pHluorin fusion provides a useful approach to explore how unique sorting sequences target individual proteins to synaptic vesicles with distinct functional properties.
Introduction
How proteins are sorted to synaptic vesicles (SVs) has been a long-standing question in cell biology. At the nerve terminal, synaptic vesicles undergo exocytosis and then reform through endocytic events. The retrieval of the proper complement of vesicle proteins is essential, but the local sorting events that mediate it are not well understood (Santos et al., 2009 ). Sorting may depend on factors intrinsic to the protein, such as trafficking motifs encoded in the protein sequence that promote interaction with the endocytic machinery. For example, the vesicular monoamine transporters (VMATs) and acetylcholine transporter (VAChT) contain dileucine motifs that are important for sorting and endocytosis (Tan et al., 1998; Santos et al., 2001) . Efficient recycling of the vesicular glutamate transporter VGLUT1 is mediated by both a dileucine-like motif and an additional polyproline domain that binds to the endocytic proteins, endophilins (Voglmaier et al., 2006) . These motifs may confer different recycling properties that could influence synaptic function. Differences in the trafficking motifs of individual SV proteins could target them to distinct recycling pathways resulting in different rates of recycling, delivery to different vesicle pools, or molecular heterogeneity of SVs that could determine their functional characteristics (Morgenthaler et al., 2003; Salazar et al., 2004; Voglmaier and Edwards, 2007; Hua et al., 2011a; Lavoie et al., 2011; Raingo et al., 2012; Ramirez et al., 2012) .
Inhibitory neurotransmission depends upon the recycling of GABA back into the nerve terminal after release. The transmitter is then repackaged into SVs by VGAT, also known as vesicular inhibitory amino acid transporter (VIAAT) (Fykse and Fonnum, 1988; Hell et al., 1988; Burger et al., 1991; McIntire et al., 1997; Sagne et al., 1997) . Interestingly, recent work has shown that the VGAT N-terminus is cleaved at residues 52 and 60 under exocytotoxic conditions, giving rise to a truncated form of the transporter. Truncated VGAT is no longer targeted to synaptic sites, but is evenly distributed along neuronal processes (Gomes et al., 2011) . This suggests that all the intrinsic signals responsible for targeting VGAT to SVs reside in its N-terminus, making this an ideal system to understand how unique sorting sequences target individual SV proteins to pathways with different rates or destinations.
Materials and Methods

Reagents
Bafilomycin 1A was obtained from Calbiochem. CNQX (6-cyano-7 nitroquinoxaline-2,3-dione and CPP (3-(2-carboxypiperazin-4-yl) propyl-1-phosphonic acid) were purchased from Tocris Bioscience. FM4-64 and FM5-95 were obtained from Biotium. Brefeldin A was purchased from LC Laboratories. Antibodies against AP1␥, AP2␣, ␤-NAP, and AP180 were purchased from BD Bioscience. Anti-AP-3␦ antibody was from the Developmental Studies Hybridoma Bank (University of Iowa). Antibodies against ␣-tubulin and transferrin receptor were from EMD Millipore. Antibody against stonin 2 was a gift from Volker Haucke (Leibniz Institut für Molekulare Pharmakologie) and also purchased from Sigma-Aldrich. Secondary antibodies conjugated to FITC, Cy3, or Cy5 were from Jackson ImmunoResearch. Secondary antibodies conjugated to HRP were from GE Healthcare Life Sciences. All other chemicals were from Sigma-Aldrich. Cell culture reagents were from Life Technologies unless otherwise noted.
Molecular biology
Rat VGAT and GST-VGAT N-terminus cDNAs were gifts of R. Edwards, University of California San Francisco (UCSF). VGAT-pHluorin was constructed by inserting the pHluorin cDNA at the luminal C-terminus of VGAT, preceded by TGG using standard molecular biology procedures. For transfection in mammalian cells, cDNAs were subcloned into pCAGGS for expression under the control of the modified chicken actin promoter. For GST-fusion recombinant protein expression, VGAT N-terminal constructs were subcloned into pGEX vectors (GE Healthcare Life Sciences). Lentiviral constructs expressing shRNA to rat AP-2 2 (5Ј-GTGGATGCCTTTCGCGTCA-3Ј) (Kim and Ryan, 2009) or rat AP-3 ␦1 (5Ј-CATGGATCATGACCAAGAA-3Ј) (Asensio et al., 2010) were made in a pFHUBW vector (gift from R. Edwards, UCSF). The shRNA-resistant 2 cDNA was a gift from T. Ryan (Cornell University). The shRNA-resistant ␦1 construct was generated by introducing a silent mutation to the AP-3␦1 target sequence: 5Ј-CATGGATCACGACCAAG AA-3Ј. Both shRNA-resistant cDNAs were subcloned into pCAGGS-IRES2-mCherry.
Production of recombinant lentiviruses. Lentiviruses were produced in HEK293T cells by cotransfection of pFHUBW transfer vector and two packaging plasmids (pVSV-G and psPAX2) using Fugene HD. Cells were transfected and grown in UltraCULTURE serum-free media (Lonza) supplemented with 1 mM sodium pyruvate, 0.075% sodium bicarbonate, and 2 mM GlutaMax. Approximately 16 h posttransfection, 10 mM sodium butyrate was added to the culture media. Culture media containing lentivirus was collected ϳ40 h after transfection and viral particles concentrated by centrifugation through a 20% sucrose/PBS-CMF cushion at 80,000 ϫ g for 2 h. Viral particles were then resuspended in neuronal culture media supplemented with 4 mg/ml polybrene (hexadimethrine bromide).
RNA interference knockdown. To confirm specific knockdown of AP-2 and AP-3, rat hippocampal neurons were infected at 7 d in vitro (DIV), and harvested at 14 DIV. Neurons were lysed in 100 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EGTA, and 1% Triton X-100 containing protease inhibitors (1 mg/ml E64, 2 mg/ml aprotinin, 2 mg/ml leupeptin, 2 mg/ml pepstatin, and 20 mg/ml PMSF). A postnuclear supernatant was prepared by centrifugation at 2500 ϫ g for 5 min. AP-1, AP-2, and AP-3 were detected by anti-adaptin ␥, ␣, or ␦. For immunoblotting, ϳ 25 g of protein were separated by SDS-PAGE and transferred to PVDF membrane (Immobilon-P, Millipore) and probed with anti-adaptin ␥ (1: 500), anti-adaptin ␣ (1:1000), or anti-adaptin ␦ (1:250). Quantifications were performed with ImageJ (http://rsbweb.nih.gov/ij/), using ␣-tubulin to normalize the signal.
GST pull-downs
Extracts from rat brain were solubilized in 100 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EGTA, and 1% Triton X-100 containing protease inhibitors (1 mg/ml E64, 2 mg/ml aprotinin, 2 mg/ml leupeptin, 2 mg/ml pepstatin, and 20 mg/ml PMSF), sedimented at 20,000 ϫ g for 45 min at 4°C, and the supernatant (ϳ400 mg total protein) incubated with 200 g of GST fusion proteins immobilized on glutathione-Sepharose at 4°C for 2 h. After pelleting, the beads were washed and bound protein detected by immunoblot analysis using mouse monoclonal anti-adaptin ␥ (1:500), anti-adaptin ␣ (1:1000), ␤-NAP (1:250), AP180 (1:500), or stonin 2 (1: 500). ImageJ was used to determine the intensity of bands using the intensity of the respective fusion protein loaded on the same lane (revealed by Ponceau-staining) to normalize the signal.
Cell culture, transfection, and immunofluorescence
HEK293 cells were grown in DME H-21 medium supplemented with 10% fetal bovine serum (FBS) and 1ϫ pen/strep at 37°C in 5% CO 2 . Transient transfection was performed using Lipofectamine (Life Technologies) according to the manufacturer's instructions. For immunofluorescence, cells were fixed in 4% PFA for 20 min, permeabilized, blocked in PBS containing 0.1% Triton X-100 and 5% cosmic calf serum, and stained with rabbit anti-VGAT (gift from R. Edwards, UCSF), and mouse anti-transferrin receptor, followed by appropriate secondary antibodies conjugated to FITC, Cy3, or Cy5. Images were acquired on a QuantEM CCD camera (Photometrics).
Primary neuronal culture and immunofluorescence
All work with animals was conducted under the supervision of the Institutional Care and Use Committee of the University of California, San Francisco. Hippocampi or striata from embryonic day 18 -20 rats of either sex were dissociated as described previously (Li et al., 2005) , and neurons transfected using a SCN Nucleofector kit (Lonza). Transfected neurons were infected with knockdown constructs at DIV 7. AP-3 knockdown experiments and analysis were performed blind with respect to whether neurons were infected with empty vector-containing or shRNA-containing virus. Dissociated neurons were plated onto coverslips coated with poly-L-lysine and laminin and subsequently maintained in neurobasal media supplemented with 1% heat inactivated FBS, 2% Neuro Mix (PAA), 2 mM GlutaMax, 15 mM NaCl, and 10 g/ml primocin (Lonza) and imaged at DIV 14 -16. 5-Fluoro-2Ј-deoxyuridine (10 M final conc) was added at DIV 3-5 as a mitotic inhibitor to control glial growth. For immunostaining, cells were fixed in 4% PFA for 15 min, permeabilized, and blocked in PBS containing 0.1% Triton X-100 and 5% cosmic calf serum, and then stained with rabbit anti-VGLUT1 (gift from R. Edwards, UCSF), followed by appropriate secondary antibodies conjugated to FITC, Cy3, or Cy5. Cells were imaged using confocal laser microscopy.
Live cell imaging
Live cell imaging was performed essentially as described previously (Voglmaier et al., 2006) . Coverslips with transfected neurons were mounted in a rapid switching, laminar-flow perfusion and stimulation chamber (Warner Instruments) on an inverted epifluorescence microscope (Nikon) and imaged at room temperature using a 63ϫ oil objective (NA ϭ 1.4). Cells were imaged in modified Tyrode's solution (in mM: 119 NaCl, 10 HEPES-NaOH, pH 7.4, 30 glucose, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 ) containing 10 M each of the glutamate receptor antagonists CPP and CNQX. For readily releasable pool of vesicles (RRP) experiments, calcium concentration was increased to 4 mM (and NaCl decreased to 117 mM), or kept at 2 mM. Buffer containing 50 mM NH 4 Cl was prepared by decreasing NaCl. Tyrode's solution at pH 5.5 was prepared by replacing HEPES with MES. Hypertonic sucrose was prepared by adding 300 mM sucrose to modified Tyrode's solution. Action potentials were elicited using an A310 Accupulser (WPI) at 10 Hz, 30 Hz, or 100 Hz with 1 ms bipolar current pulses through platinum-iridium electrodes, to yield fields of 5-10 V/cm across the chamber (Voglmaier et al., 2006) . Cells were illuminated using a Xenon lamp (Sutter Instruments) with either a 470/40 nm excitation and a 525/50 nm emission filter (for GFP), or a 470/40 nm excitation and 630/75 nm (for FM4-64 and FM5-95) emission filters (Chroma). Images were acquired on a QuantEM CCD camera (Photometrics) with EM gain at 500, exposing each fluorophore for 200 ms for images collected every 1-3 s. Shutter and camera were controlled by MetaMorph software (Molecular Devices). To measure exocytosis alone, cultures were incubated in modified Tyrode's medium containing 0.5-1 M bafilomycin A for 30 s before imaging in the same medium. To assess exocytosis with FM4-64, the cultures were incubated in modified Tyrode's solution containing 15 M FM4-64 and stimulated at 10 Hz for 60 s, followed by continued incubation in the same medium for an additional 60 s. After extensive washing for 10 -15 min at a rate of 6 ml/min in modified Tyrode's solution without FM4-64, the FM dye was unloaded by stimulation at 10 Hz for 90 s. Transfected boutons were identified by visualization of VGAT-pH puncta in the presence of 50 mM NH 4 Cl, with washout before FM4-64 loading. For measurement of recycling pool size, neurons were loaded with 10 M FM5-95 at 10 Hz 60 s, and unloaded at 10 Hz for 120 s. To block AP-1 and AP-3 pathways, cultures were pretreated in neurobasal media containing 10 g/ml brefeldin A (BFA) for 30 min at 37°C before imaging in modified Tyrode's solution containing the same concentration of BFA. To quench surface fluorescence, neurons were imaged in Tyrode's solution at pH 5.5.
Data analysis
The fluorescence of manually designated 4 ϫ 4 pixel boxes centered over boutons was averaged, and the average fluorescence of three 4 ϫ 4 pixel boxes without cellular elements was subtracted as background. Baseline values from the first 5 frames (before stimulation) were averaged (F 0 ), and the dynamics of fluorescence intensity expressed as fractional change (⌬F) over initial fluorescence. For normalized measurements, the average pHlourin fluorescence over individual boutons was normalized to either the peak fluorescence in each trace, or the total fluorescence as determined by application of modified Tyrode's solution containing 50 mM NH 4 Cl to alkalinize all synaptic compartments. Fluorescence measurements from 20 to 100 boutons per coverslip were averaged and the means from 6 to 19 coverslips from at least two independent cultures were averaged. Protein surface fraction was estimated by first subtracting the average of five frames with Tyrode's solution at pH 5.5 from the average of five frames in Tyrode's solution at pH 7.4, and then dividing by the total fluorescence, defined by fluorescence in the presence of 50 mM NH 4 Cl. The initial rise of fluorescence and the decrease after stimulation were fit with single exponentials (GraphPad Prism). The rate of exocytosis is estimated from an exponential fit to the increase in VGAT-pH fluorescence during the initial 30 s of stimulation in the presence of bafilomycin. For measurements of endocytosis after stimulation, the time course of fluorescence decay at each bouton after the initial 3 s (Balaji et al., 2008) was fit with a single exponential. To calculate the proportion of VGAT-pH in the RRP by electrical stimulation, neurons were stimulated in the presence of bafilomycin and the first five frames after stimulation were averaged and normalized to the total fluorescence in the presence of 50 mM NH 4 Cl. To calculate the proportion of VGAT-pH in the RRP by challenge with hypertonic sucrose, neurons were stimulated with Tyrode's solution containing 300 mM sucrose for 6 s in the presence of 1 M bafilomycin to prevent reacidification of the internalized vesicles, and imaged in the absence of sucrose (to avoid distortion by changes in refractive index) both before and after stimulation (Nemani et al., 2010) . Data are presented as means Ϯ SEM. Significance of differences between groups was assessed by two-tailed, unpaired t test or one-way ANOVA followed by Bonferroni's test at p Ͻ 0.05 where appropriate.
Results
Trafficking signals in the VGAT N-terminus
Recent evidence suggests VGAT has nine transmembrane domains, with a cytosolic N-terminus and a luminal C-terminus . In contrast, the vesicular neurotransmitter transporters for acetylcholine, monoamines, and glutamate all have a putative topology of 12 transmembrane domains with cytosolic C-termini that contain trafficking signals (Fei et al., 2008) . We compared the N-terminal amino acid sequence of VGAT with C-terminal sequences of VAChT, VMAT2, and VGLUT to find signals that could be important for VGAT trafficking (Fig. 1A) . We considered E 39 EAVGFA 45 as a potential trafficking signal because it resembles the consensus acidic dileucine motif sequence [E/D]XXXL[L/I/] present in VAChT, VMAT2, and VGLUTs, consisting of acidic residues at the Ϫ4 and Ϫ5 positions upstream of two hydrophobic residues. Dileucine motifs interact with clathrin adaptor proteins (APs) (Heilker et al., 1996; Kelly et al., 2008) and direct sorting of many transmembrane proteins (Bonifacino and Traub, 2003) . Other putative motifs in the VGAT N-terminus include two dileucine-like pairs, L 4 L 5 and I 62 L 63 , and a polyproline sequence, P 91 LPP 94 (Fig.  1B) . As an initial screen to identify the structural determinants that regulate the subcellular localization of VGAT, we introduced alanine point mutations to generate I 62 L 63 /AA, F 44 A/AA, and P 91 P 94 /AA (Fig. 1B ). Mutants were expressed in HEK293 cells, which were labeled with antibodies against VGAT and the endocytic marker transferrin receptor. Replacement of residues I 62 L 63 or P 91 P 94 with alanine does not perturb the steady-state localization of VGAT. Like WT VGAT, IL/AA, and PP/AA mutants exhibit a punctate distribution that overlaps with transferrin receptor (Fig. 1C) . In contrast, replacement of F 44 with alanine drastically alters the subcellular distribution of VGAT. Antibody staining of FA/AA VGAT is not punctate and exhibits limited overlap with transferrin receptor (Fig. 1C ).
Development of a VGAT-pHluorin optical reporter
To further investigate the trafficking of VGAT in neurons, we developed a VGAT-pHluorin fusion (VGAT-pH; Fig. 2A ). When expressed in predominantly glutamatergic hippocampal neurons, VGAT-pH exhibits a punctate distribution with accumulation at synapses, where it colocalizes with endogenous VGLUT1 (Fig. 2B ). The fluorescence of VGAT-pH is quenched at the low pH of SVs (Fig. 2C ). Exocytosis relieves this quenching, resulting in an increase in fluorescence (Fig. 2C ). Endocytosis is reflected by a decrease in fluorescence of VGAT-pH, as internalized vesicles are rapidly reacidified (Miesenböck et al., 1998; Sankaranarayanan and Ryan, 2000) (Fig. 2C ). Upon electrical stimulation at 10 Hz for 60 s, exposure of VGAT-pH to the extracellular pH due to SV exocytosis is visualized as a rapid, calcium-dependent increase in fluorescence at individual boutons ( Fig. 2D ). After termination of the stimulus, the fluorescence of VGAT-pH decays with an exponential time course ( ϭ 33.03 Ϯ 1.79 s), reflecting endocytosis and reacidification of SVs (Fig. 2D ). Activitydependent unloading of the styryl dye FM4-64 from SVs is not affected by expression of VGAT-pH, indicating that the tagged transporter does not perturb general features of the vesicle cycle (Fig. 2E ). We next examined VGAT-pH recycling in inhibitory neurons using primary cultures of striatal neurons, which are predominantly GABAergic. Under identical stimulus conditions, no differences in VGAT-pH fluorescence dynamics between striatal and hippocampal neurons are observed (Fig. 2F ) . In agreement with these results, recent work has shown that the kinetics of endocytosis and acidification in the small population of inhibitory synapses in hippocampal neuronal cultures cannot be distinguished from those of the entire population (Hua et al., 2011b) . Moreover, an analysis of variation revealed no significant differences in the distribution of endocytosis rates between excitatory and inhibitory neurons (Armbruster and Ryan, 2011) . Because the properties of VGAT-pH recycling are similar in excitatory and inhibitory neurons, subsequent experiments were performed in hippocampal cultures to allow use of standard protocols and expression of mutant forms of VGAT-pH in the absence of endogenous VGAT background.
To examine the role of the F 44 A 45 motif in neurons, we replaced F 44 with alanine in VGAT-pH. F 44 A/AA mutation dramatically slows endocytosis of VGAT-pH after stimulation at 10 Hz for 60 s ( ϭ 86.88 Ϯ 7.37 s) compared with wild-type (WT, ϭ 33.03 Ϯ 1.79 s), suggesting that this unconventional dileucinelike motif plays a physiological role in VGAT recycling (Fig. 3A) . Studies to determine the role of dileucine motifs in membrane protein trafficking generally involve replacement of the hydrophobic residues with alanine to determine the role of such motifs. Notably, the endogenous dileucine-like motif in VGAT already encodes alanine. Therefore, we also mutated F 44 and A 45 to glycine (FA/GG) (Honing et al., 1998) . Remarkably, the glycinebased mutations nearly abolish VGAT recycling from the plasma membrane. FA/GG VGAT-pH fluorescence exhibits a nonsynaptic distribution, which does not change with stimulation (Fig.  3B) . In contrast, the analogous mutation of dileucine-like FV residues in VGLUT1-pH to GG has a milder effect on VGLUT1-pH localization, with a slight increase in cell surface expression in (Tan et al., 1998; Voglmaier et al., 2006) . B, Mutations as indicated were used to map amino acid residues involved in VGAT trafficking. C, Mutation of F 44 in a putative atypical dileucine motif to alanine (F 44 A/AA) results in increased VGAT localization at the plasma membrane (bottom), whereas mutation of a more typical dileucine pair (I 62 L 63 /AA)orapolyprolinedomain(P 91 P 94 /AA)doesnotaffectVGATlocalization(middle).HEKcellsexpressingtheindicatedVGATmutantswerefixed,permeabilizedandstainedwithrabbitantibody to VGAT and mouse monoclonal antibody to transferrin receptor (TfR), followed by appropriate secondary antibodies. Acquisition parameters were identical for all conditions. Scale bar, 10 m.
hippocampal neurons (Fig. 3B, 0 s) . FV/GG VGLUT1-pH fluorescence does increase in response to stimulation, indicating exocytosis (Fig. 3B, 60 s) . Importantly, WT VGAT-pH expressed in hippocampal or GABAergic neurons is targeted to SVs, whereas the FA/GG mutant is mistargeted (Fig. 3B ). This suggests that protein identity, not SV membrane or neuronal cell type, controls sorting.
To explore the role of the acidic residues in the dileucine-like consensus sequence, we replaced E 39 E 40 with glycine (E 39 E 40 / GG). Although not grossly affecting VGAT-pH steady-state distribution, the EE/GG mutant exhibits a slowed rate of endocytosis after 10 Hz 60 s stimulation ( ϭ 61.84 Ϯ 2.84 s; Fig. 3A) . These results suggest that FA and EE cooperate to ensure efficient recycling of VGAT. We therefore asked whether mutating both the acidic and hydrophobic residues would have an even stronger effect on VGAT localization and trafficking. We used alanine replacement of F 44 , because the F 44 A/AA mutant is still localized to synapses, whereas glycine mutation abolishes synaptic targeting. Strikingly, the steady-state distribution of the combined mutant (4A) is similar to that of FA/GG (Fig. 3 B, C) . Namely, mutation of E 39 E 40 F 44 (4A) results in widespread expression of the transporter on the neuronal plasma membrane, with complete quenching of surface fluorescence at pH 5.5 and no fluorescence increase upon application of NH 4 Cl (Fig. 3C) . Complete surface quenching indicates the mutant transporters are trapped on the plasma membrane with the C-terminal pHluorin facing the extracellular space. We also estimated the fraction of VGAT-pH stranded at the plasma membrane before and after stimulation. Transfected neurons were briefly exposed to an external pH of 5.5 before stimulation, and at the end of a four-min recovery period following 10 Hz 60 s stimulation. Surface fraction is estimated as the amount of fluorescence quenched by changing the pH from 7.4 to 5.5, normalized to the total fluorescence measured upon application of NH 4 Cl to alkalinize SVs. WT VGAT-pH exhibits a low steady-state level of surface expression (2.6 Ϯ 0.5%) (Fig. 3D ), similar to that measured for VGLUT1-pH (2.0 Ϯ 0.8%) (Balaji and Ryan, 2007) . The surface fraction of WT VGAT-pH returns to baseline levels after poststimulus endocytosis (2.7 Ϯ 0.4%) (Fig. 3D) . In contrast, surface expression of the E 39 E 40 /GG mutant is relatively low under resting conditions (4.1 Ϯ 0.4%), but does not return to baseline after stimulation (8.7 Ϯ 0.9%), suggesting a less efficient endocytic process. Surface expression of F 44 A 45 /AA is higher under resting conditions (10.3 Ϯ 0.7%), and after stimulation (19.3 Ϯ 0.8%) (Fig. 3D) . The data presented here indicate the motif E 39 EAVGFA 45 is the major sorting signal for trafficking of VGAT to SVs, and is therefore essential for GABAergic neurotransmission.
VGAT interacts with clathrin adaptor proteins through its dileucine-like motif
To investigate the biochemical interaction of the dileucine-like motif with endocytic adaptor complexes, we performed GST pull-down experiments. WT and mutant GST-VGAT N-terminal fusions bound to glutathione beads were incubated with rat brain homogenate, and analyzed by immunoblotting with antibodies to AP-1, AP-2, and AP-3 complexes. GST-VGAT specifically pulls down AP-2, which is known to be important for SV recycling. Mutation of either the hydrophobic (FA) or acidic (EE) residues greatly reduces this interaction (Fig. 4A, left) , consistent with the slow rates of endocytosis observed in live cell imaging (Fig. 3A) . Very little specific binding to AP-1 is observed and is not affected by any VGAT mutations tested (Fig. 4A, right) . Immediately upstream of the acidic dileucine-like motif in VGAT is another acidic residue, D 38 . Although outside the canonical motif, several other SV proteins also contain a charged residue in this position. The SV targeting motif of synaptotagmin contains a dileucine-like motif preceded by an acidic residue (Blagoveshchenskaya et al., 1999) . On the other hand, VMAT2 and VAChT have positively charged residues, lysine and arginine, respectively (Erickson et al., 1994; Tan et al., 1998) . All VGLUTs have a serine that, if phosphorylated, would become negatively charged (Voglmaier et al., 2006) . Remarkably, mutation of D 38 to glycine significantly increases the interaction of VGAT with AP-3 (Fig. 4A, middle) . Dileucine-like motifs have been shown to be crucial for the interaction of AP-3 with several cargo proteins 45 to GG results in an altered distribution throughout the processes (GG). Upon stimulation (60 s), WT and AA exhibit fluorescence increases consistent with exocytosis, but maintain a punctate localization. Mutation of FA to GG abolishes synaptic targeting and response to stimulation. Right, the analogous mutations in VGLUT1-pH in hippocampal neurons show that VGAT-pH and VGLUT1-pH GG mutants display differences in cell surface localization (GG, 0 s) and response to stimulation (GG, 0 vs 60 s). C, Fluorescence of WT VGAT-pH is quenched at resting conditions, and thus not sensitive to acid quenching by pH 5.5 Tyrode's solution added to the outside of cells (top). Mutation of residues E 39 , E 40 and F 44 renders VGAT-pH sensitive to acid quenching (4A, bottom), similar to FA/GG (middle). D, The surface fraction of WT VGAT-pH and D/G and EE/GG mutants are not significantly different before stimulation (WT, 2.6 Ϯ 0.5%; D/G, 2.9 Ϯ 0.3%; EE/GG, 4.1 Ϯ 0.4%). However, the surface fraction of EE/GG is significantly higher after stimulation (WT, 2.7 Ϯ 0.4%; D/G, 3.0 Ϯ 0.5%; EE/GG, 8.7 Ϯ 1.0%). FA/AA exhibits higher cell-surface expression both before (10.3 Ϯ 0.7%) and after (19.3 Ϯ 0.8%) stimulation. Solid and hatched bars represent fraction of surface fluorescence at steady-state and after endocytosis is allowed to proceed for 4 min after stimulation, respectively. Results are mean Ϯ SEM of ⌬F/F 0 normalized to total fluorescence (NH 4 Cl) of at least 20 boutons per cs from 8 to 15 cs from 3 to 5 independent cultures. ***p Ͻ 0.001, one-way ANOVA.
including tyrosinase, LIMPII, and PI4KII␣ (Honing et al., 1998; Rodionov et al., 2002; Theos et al., 2005; Craige et al., 2008) . Some work has suggested a proline residue in the Ϫ1 position and a positively charged residue in the Ϫ3 position of the acidic dileucine motif may be important in specifying AP-3 binding in LIMPII (Rodionov et al., 2002) ; however, there is no known consensus that unambiguously predicts which AP isoform will interact with cargo proteins.
There has been compelling evidence for the involvement of proteins other than the clathrin APs in endocytosis of SV proteins. For example, internalization and recycling of synaptotagmin requires interaction with stonin 2, which directly interacts with AP-2 (Diril et al., 2006; . The Drosophila stonin homolog may also affect VGLUT localization (Mohrmann et al., 2008) . In Caenorhabditis elegans unc-41/stonin mutants, synaptotagmin localization is severely impaired but only modest mislocalization of other SV proteins, including synaptobrevin, synaptogyrin, VAChT, and VGAT, is observed (Mullen et al., 2012) (but see Willox and Royle, 2012) . Endocytosis of the v-SNARE synaptobrevin requires specific interaction of the SNARE motif in the N-terminus with the adaptor proteins AP180 and CALM (Koo et al., 2011). We tested whether the N-terminus of VGAT interacts with these alternate adaptors in GST pulldowns, immunoblotting with antibodies to stonin 2 and AP180. No binding of VGAT to stonin 2 or AP180 was detected (Fig. 4B) . Although we cannot rule out a low affinity cargo-adaptor interaction (Rapoport et al., 1998), the GST-VGAT N-terminus does bind clathrin APs under the same conditions.
To determine whether the in vitro binding to AP-2 has corresponding functional relevance to VGAT recycling at the nerve terminal, we performed shRNA-mediated knockdown of AP-2 and measured VGAT-pH recycling kinetics in response to 600 action potentials at 10 Hz. Neurons were infected with lentivirus containing an shRNA oligonucleotide to rat AP-2 2 (Kim and Ryan, 2009) at DIV 7 to avoid developmental effects of AP-2 depletion. The shRNA for 2 used here specifically depletes AP-2, with no significant effect on expression of AP-1 and AP-3 (Fig. 4C) . Depletion of AP-2 severely slows VGAT-pH endocytosis after stimulation, corroborating the results observed with GST pull-down experiments (control ϭ 52.46 Ϯ 5.65 s, AP-2KD ϭ 129.73 Ϯ 9.21 s, Fig. 4D ). Moreover, coexpression of an shRNAresistant 2 (Kim and Ryan, 2009) rescues this impairment, further confirming that the phenotype is specifically due to loss of AP-2 (rescue ϭ 60.71 Ϯ 8.36 s; Fig. 4D ). Increased surface Bottom, In neurons depleted of AP-2, a larger fraction of VGAT-pH remains on the cell surface after stimulation and recovery, which is reversed by expression of the shRNA-resistant 2 (control 3.6 Ϯ 0.8%, AP2-KD 16.8 Ϯ 2.6%, rescue 5.6 Ϯ 0.3%), ***p Ͻ 0.001, one-way ANOVA.
expression of VGAT-pH is observed in AP-2 KD neurons after stimulation (Fig. 4D) , similar to the results observed for dileucine-like motif mutants (Fig. 3 A, D) . This effect is reversed with expression of the shRNA-resistant 2 (Fig. 4D ).
Selective modulation of VGAT recycling during stimulation by a single-point mutation
To determine whether the increased in vitro binding of the D/G VGAT mutant to AP-3 has a functional correlate, we examined the distribution and recycling of D/G VGAT-pH in neurons. A role for the alternate adaptors, AP-1 and AP-3, in SV formation, recycling, and distribution has been demonstrated in several studies (Faundez et al., 1998; Scheuber et al., 2006; Voglmaier et al., 2006; Glyvuk et al., 2010; Cheung and Cousin, 2012) . Mutation of D 38 to G does not affect the steady-state distribution (Fig.  3D) or retrieval of VGAT-pH from the cell surface after 10 Hz 60 s stimulation ( ϭ 34.8 Ϯ 2.2 s; Fig. 5A ). However, during stimulation, the fluorescence intensity of D/G VGAT-pH rises faster and reaches a higher peak than WT, reflecting a difference in the balance of exo-and endocytosis (Fig. 5A ). We measured VGAT-pH recycling in the presence of BFA, as described previously (Voglmaier et al., 2006) . BFA inhibits AP-1 and AP-3 pathways as a consequence of its inhibition of the activity of the ADP ribosylation factor 1 GTP exchange factor (ARF-GEF), which influences the cycling of AP-1 and AP-3 to membranes. (Donaldson et al., 1992; Helms and Rothman, 1992) . Consistent with the weaker AP-3 binding observed in vitro, incubation of neurons with BFA does not alter recycling of WT VGAT-pH under these conditions (Fig. 5B) . In contrast, BFA reduces the peak surface level of D/G VGAT-pH (Fig. 5B) . Several studies have suggested that recycling occurring during stimulation is mediated by different molecular mechanisms than after stimulation (Voglmaier et al., 2006; Ferguson et al., 2007; Mani et al., 2007; Kwon and Chapman, 2011) (but see Balaji et al., 2008) . Interestingly, BFA did not affect the poststimulus rate of endocytosis in either the WT or D 38 /G mutant (WT: control ϭ 34.1 Ϯ 2.9 s, BFA ϭ 33.8 Ϯ 1.9 s; D 38 /G: control ϭ 32.9 Ϯ 3.8 s; BFA ϭ 30.4 Ϯ 2.7 s). The effect of BFA is thus specific for the period during stimulation. To determine whether the higher peak level of fluorescence during stimulation that is observed for D/G VGAT-pH compared with WT corresponds to an increased recycling pool, we used alkaline trapping with the H ϩ -ATPase inhibitor bafilomycin to prevent reacidification of the vesicles that have undergone exocytosis (Sankaranarayanan and Ryan, 2001 ). Neurons were stimulated in the presence of bafilomycin with 1200 action potentials at 10 Hz to release the entire recycling pool ( VGAT-pH mutant ( ϭ 13.6 Ϯ 0.1 s) is significantly faster than WT ( ϭ 22.3 Ϯ 0.2 s). The exocytosis rates of FA/AA ( ϭ 24.9 Ϯ 0.2 s) and EE/GG ( ϭ 24.7 Ϯ 0.3 s) are not significantly different from WT. Additionally, the proportion of D/G VGAT-pH that undergoes exocytosis upon stimulation is ϳ17% larger than WT, FA/AA, or EE/GG VGAT-pH (Fig. 3C) . To determine whether the increase in exocytosis is due to an increase in the release of SVs from the recycling pool or to a change in the distribution of the transporter between different synaptic vesicle pools, we measured FM5-95 styryl dye unloading in response to 10 Hz 120 s stimulation (Fig. 5D ). There are no significant differences in the rate or extent of FM release between WT and D/G VGAT, suggesting that the proteins differentially sort to the recycling pool.
Increased D/G VGAT-pH in the RRP is dependent on AP-3
Because the largest differences in recycling were observed during the initial phase of stimulation, we wondered whether a larger proportion of D/G VGAT-pH resides in the RRP. We therefore measured the amount of fluorescence increase upon release of vesicles from the RRP, using a defined stimulus of 20 action potentials at 100 Hz (Ariel and Ryan, 2010) . Indeed, the fraction of D/G VGAT-pH protein released by this stimulus (7.14 Ϯ 0.04%) is ϳ50% larger than WT VGAT-pH (4.69 Ϯ 0.05%) (Fig. 6A) . A similar increase of D/G VGAT-pH in the RRP is observed when neurons are challenged with hypertonic sucrose, an independent approach to measure the RRP (Rosenmund and Stevens, 1996; Nemani et al., 2010) (Fig. 6B) .
To determine whether AP-3 is necessary for the increase in D/G VGAT-pH in the RRP, we depleted this adaptor protein from neurons using an shRNA oligonucleotide to rat AP-3␦1 based on an siRNA sequence that specifically abolishes expression of AP-3 with no off-target effects (Asensio et al., 2010) . Immunoblot analysis of extracts from hippocampal neurons infected with lentivirus expressing AP-3␦1 shRNA shows a substantial reduction in expression level of AP-3␦ without any decrease of AP-1␥ or AP-2␣ (Fig. 6C) . Neurons expressing WT or D/G VGAT-pH were infected with either a control or shRNA vector and stimulated with 20 action potentials at 100 Hz to release the RRP. The amount of WT VGAT-pH released in the RRP is insensitive to knockdown of AP-3 (Fig. 6D) . In contrast, the proportion of D/G VGAT-pH in the RRP reverts to WT levels upon depletion of AP-3 (Fig. 6D) .
A question that arises from these observations is whether AP-3 is acting locally at the terminal, or whether its actions are mainly in the biosynthetic pathway (Asensio et al., 2010) or endosomal pools (Larimore et al., 2011 ) located in the cell bodies. To address this question, we used BFA to acutely inhibit the AP-3 pathway. If AP-3 plays a role locally, acute treatment should mimic the results of AP-3 knockdown experiments. If, on the other hand, it is biosynthesis in the soma and delivery to the bouton that are dependent on AP-3, short-term inhibition should not affect the RRP. We therefore performed the same experiments in neurons treated with BFA for 30 min. The results in Figure 6E show that indeed BFA reduces the D/G RRP to WT levels, as observed in AP-3 knockdown experiments. Because BFA could also inhibit the AP-1-dependent pathway, we tested whether this drug has any additional effect on the amount of D/G VGAT-pH released from terminals depleted of AP-3 by knockdown. Combination of BFA with AP-3 knockdown does not result in any additional effect on the amount of D/G VGAT-pH in the RRP using either 20 action potentials at 100 Hz (Fig. 6F ) or an alternate stimulus of 90 action potentials at 30 Hz (Fig. 6G) (Pyle et al., 2000) . Therefore, inhibition of the AP-1 pathway does not affect the amount of D/G VGAT in the RRP. Furthermore, expression of shRNA resistant AP-3␦1 rescues the decrease observed with AP-3 knockdown, confirming that the phenotype is specifically due to depletion of AP-3 (Fig. 6G) . Thus, the increased RRP size observed for D/G VGAT-pH is dependent upon its interaction with AP-3 at the presynaptic bouton.
Discussion
In this work, we show that a single unconventional dileucine-like motif is essential for synaptic localization and recycling of VGAT. Variations of the consensus sequence (D/E)XXXL(L/I) have been reported (Bonifacino and Traub, 2003) . Interestingly, the N-terminal VGAT sequence contains alanine as one of the hydrophobic residues in the endogenous dileucine-like sequence. This observation reveals a greater diversity among dileucine-based sorting signals than previously recognized, and suggests that there may be more variations yet to be described. The replacement of F 44 with alanine (FA/AA) is enough to significantly impair internalization of VGAT, though the protein still targets to SVs. To assess the contribution of A 45 , we used glycine substitution. Glycine replacement has occasionally been used in the analysis of membrane protein trafficking (Honing et al., 1998) , but the majority of studies use alanine, sometimes with only partial impairment (Bonifacino and Traub, 2003) . Our results suggest that by more thoroughly blocking AP interactions, glycine substitution is a more effective strategy to analyze dileucine motifmediated protein trafficking. In VGAT, mutation of FA to glycine results in a drastic change in VGAT subcellular localization, underscoring the importance of F 44 A 45 to synaptic targeting of VGAT. Two pieces of evidence support the notion that protein identity, rather than neuronal cell type or SV membrane, controls the sorting of synaptic proteins: (1) the VGAT mutant has the same expression profile whether expressed in hippocampal or striatal neurons, and (2) in stark contrast to FA/GG VGAT, VGLUT1 containing the analogous mutation (FV/GG) has a profile more similar to WT VGLUT1.
The acidic residues E 39 E 40 are also important for endocytosis of VGAT. The contribution of acidic residues to dileucine motifmediated trafficking differs for individual proteins. For example, an acidic residue in LIMPII is important for targeting to lysosomes, but not for internalization, whereas the Ϫ4 and Ϫ5 acidic residues are required for internalization of chimeric CD4/CD3␥ receptors (Pond et al., 1995; Sandoval et al., 2000) . Mutation of acidic residues in the dileucine-like motif of VMAT2 disrupts targeting to the somatodendritic secretory pathway, but endocytosis in cell bodies is not affected (Tan et al., 1998; Li et al., 2005; Asensio et al., 2010) . This study is the first investigation of acidic residues in SV protein recycling at the nerve terminal and reveals their important role in VGAT endocytosis. The presence of alanine in the dileucine-like motif could result in a relatively weak interaction between the hydrophobic residues and APs. In this case, the acidic residues of VGAT may significantly contribute to the robustness of AP binding (Bonifacino and Traub, 2003) . The impairment of synaptic targeting observed for the VGAT mutant 4A, in which E 39 , E 40 and F 44 are replaced with alanine reinforces the notion that FA and EE cooperate to effect efficient recycling of VGAT. Interestingly, excitotoxic insult triggers cleavage of a part of the VGAT N-terminus that encompasses the dileucine-like motif, resulting in a distribution of VGAT similar to the FA/GG and 4A mutants (Gomes et al., 2011) .
These observations led us to investigate the mechanism(s) by which the endocytic motif of VGAT acts. Localization and endocytosis of many SV proteins depend upon the interaction of spe- cific sorting signals with specialized adaptor proteins, including clathrin APs, endophilin, and stonin 2 (Ferreira et al., 2005; Diril et al., 2006; Voglmaier et al., 2006) . Acidic dileucine-like motifs have been shown to interact in vitro with heterotetrameric AP-1, AP-2, and/or AP-3 (Bonifacino and Traub, 2003; Kelly et al., 2008) . Using in vitro binding assays, we show that the N-terminus of VGAT interacts with AP-2. Further, mutation of E 39 , E 40 , and F 44 within the dileucine-like motif substantially reduces this interaction. In support of the in vitro binding and live cell imaging data, endocytosis of VGAT is greatly slowed by depletion of AP-2. AP-2 knockdown increases the poststimulus cell surface levels of WT VGAT to levels similar to those observed for the dileucinelike motif mutants, which exhibit decreased AP-2 binding. These effects are reversed by rescue with an shRNA-resistant 2 expressed in AP-2 KD neurons, corroborating the requirement and specificity of the interaction of VGAT with AP-2 at the nerve terminal. By comparing the dileucine-like sequence of VGAT with other SV proteins, we noticed that a charged residue at position Ϫ6 of the dileucine-like motif is common (Erickson et al., 1994; Tan et al., 1998; Blagoveshchenskaya et al., 1999) . Elimination of this charge by replacing D 38 with glycine led to some of the most surprising observations in this study. The rate and extent of exocytosis differ between WT and D/G VGAT-pH, reflecting increased targeting of the mutant protein to readily releasable and recycling pool vesicles, at the expense of the reserve pool. We therefore investigated the molecular basis for increased sorting of D/G VGAT to the RRP, as this mutant could be a useful resource to understand the dynamic distribution of SV proteins among distinct vesicle pools. Remarkably, inhibition of the AP-3 pathway via knockdown of AP-3␦1 or acute treatment with BFA restores D/G VGAT-pH responses to WT levels. Both biochemical and knockdown experiments thus point to a role for AP-3 in recycling of D/G VGAT-pH. Homology modeling suggests that the D 38 residue would interact with a relatively nonconserved region of AP-2 and AP-3, just outside the highly conserved site of dileucine motif binding, providing a structural correlate for differences in D/G binding to AP-2 and AP-3 observed in GST pulldown assays (Kelly et al., 2008) .
Although the role of AP-2 in SV recycling is well established, substantial SV endocytosis occurs in its absence Kim and Ryan, 2009) . Interaction with alternate adaptors may represent different modes of SV protein internalization (Faundez et al., 1998; Voglmaier et al., 2006; Glyvuk et al., 2010; Cheung and Cousin, 2012) . Mice deficient in AP-1 exhibit impaired SV recycling and accumulate large endosomes in the nerve terminal (Glyvuk et al., 2010) , whereas inhibition of AP-3 increases neurotransmitter release, perhaps by altering the distribution of vesicles among SV pools (Polo-Parada et al., 2001; Voglmaier et al., 2006) . Here we find that a single amino acid change in VGAT alters its distribution across SV pools. Further, the increase in D/G VGAT-pH in the RRP and recycling pool is dependent on AP-3. Acute AP-3 pathway inhibition mimics AP-3 knockdown, suggesting that changes take place locally at the nerve terminal. Increased D/G VGAT-pH in these pools would have the potential to increase neurotransmitter release. For glutamate, however, inhibition of AP-3 results in increased neurotransmitter release, consistent with an increase in the recycling pool (Voglmaier et al., 2006) . This opposite effect may be due to differences in the recycling of VGLUT and VGAT, as we note that similar mutations in the two transporters exhibit distinct phenotypes. Differences in excitatory/inhibitory balance were indeed noted in AP-3 knockout mice (Nakatsu et al., 2004) . Nevertheless, the AP-3-dependent change in D/G VGAT-pH responses indicates that sorting signals in SV proteins engaging distinct molecular mechanisms can direct their targeting to different vesicle pools with distinct properties.
These studies provide a framework to understand how unique sorting sequences target individual SV proteins to pathways with different rates or destinations. In VAMP4, N-terminal dileucine motif-dependent endocytosis contributes to the generation of a pool of VAMP4-enriched vesicles that mediate asynchronous release during intense activity (Raingo et al., 2012) . VAMP2 distribution also depends on residues in the cytosolic N-terminal domain. A polyproline domain in VAMP2 influences endocytosis (Hosoi et al., 2009) , whereas the SNARE motif is required for protein recycling, and interaction with the endocytic adaptors AP180 and CALM (Koo et al., 2011) . Moreover, a single point mutation (M46A) blocks endocytosis, abolishes axonal polarization, and prevents enrichment of VAMP2 at presynaptic vesicle clusters (Grote and Kelly, 1996; Sampo et al., 2003; Koo et al., 2011) .
In conclusion, we performed a comprehensive analysis of trafficking signals present in the N-terminus of VGAT. Real-time imaging of VGAT-pH allowed us to uncover a wealth of information encoded within the amino acid sequence of the transporter, revealing that an atypical dileucine-like motif is critical for VGAT recycling at the nerve terminal by interaction with AP-2. Due to its relative simplicity, the N-terminal region of VGAT provides an excellent model for studying the interaction of an SV protein with clathrin adaptor proteins, and the physiological consequences of these interactions. Small manipulations within this region were sufficient to alter the synaptic localization, protein recycling and distribution of VGAT. We have also demonstrated that a single amino acid change (D 38 /G) can modulate VGAT recycling during stimulation and targeting to specific vesicle pools, and that this modulation occurs via an AP-3-dependent mechanism. WT and D/G mutant VGAT-pH are valuable tools that will allow further analysis of different modes of protein sorting to SV pools with different propensities for release.
